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We compare supernovae and Baryon Acoustic Oscillations data to the predictions of a cosmological
model of interacting dark matter and dark energy. This theoretical model can be derived from the
effective field theory of Einstein-Cartan gravity with two scaling exponents δG and δΛ, related to
the interaction between dark matter and dark energy. We perform a χ2 fit to the data to compare
and contrast it with the standard ΛCDM model. We then explore the range of parameter of the
model which gives a better χ2 than the standard cosmological model. All those results lead to
tight constraints on the scaling exponents of the model. Our conclusion is that this class of models,
provides a decent alternative to the ΛCDM model.
I. INTRODUCTION
The acceleration of the expansion of the Universe has come to a huge surprise to most of the scientific community
more than 15 years ago [1, 2]. In modern cosmology, many hypothesis have been proposed to drive the accelerated
period of expansion. Among these models is the ubiquitous dark fluid christen dark energy having an equation of
state (EoS) corresponding to vacuum energy. This proposal is part of the standard model of cosmology called ΛCDM
which requires the universe to be made of an hypothetical dark energy fluid, in addition to the baryonic matter
and dark matter. Since 1999, many independent cosmological observations, such as Cosmic Microwave Background
radiation [3], have pointed towards the existence of dark energy. However, if its existence relies on a well established
observational basis, its nature is still an opaque mystery. Different proposals include, among others, dynamical dark
energy (quintessence) [4], dynamical backreaction [5], inhomogeneous cosmologies [6, 7] and modified gravity [8].
More recently, mainly on phenomenological ground, it has been discovered that allowing an interaction between dark
energy and dark matter offers an interesting and attractive alternative to the standard model of cosmology. Such a
phenomenological interaction is possible as the nature of the dark matter fluid is also poorly constrained and that
general relativity only requires the total energy momentum to be conserved, but not the partial ones.
Interacting dark energy models [9–25] rely on the idea that dark energy and dark matter do not evolve separately
but interact with each other non-gravitationally (see also the recent review [26] and references therein). Most of
the studies on interacting dark fluids focus on the relation to the cosmological data introducing an ad hoc coupling
between dark matter and dark energy [20, 27]. A classification of those models was given in [28]. In this work,
we adopt a theoretical model arising directly from the quantum field theory of Einstein-Cartan gravity [21, 29] and
perform the link to a set of observational data: the supernovae Ia (hereafter SNe Ia).
Interacting dark energy models are known to solve the coincidence problem: in the present universe the contributions
of dark matter and dark energy to the cosmic budget are of the same order, while their respective evolutions are
drastically different throughout the cosmic history. Let ρ0c = 3H
2
0/(8piG0) be the critical energy density and ρm,Λ
be the energy densities of the dark matter and dark energy fluids. Here H0 is the Hubble constant and G0 is the
gravitational constant. In the following, quantities with a subscript or superscript 0 are measured in the present
universe. We define Ωm and ΩΛ as the ratio between energy densities of dark matter and dark energy and the critical
energy density:
Ωm,Λ ≡ ρm,Λ
ρ0c
. (1)
Knowing that the parameters Ωm and ΩΛ vary differently with redshift z, with Ωm ∝ (1 + z)3 and ΩΛ ∝ Ω0Λ, the fact
that Ω0m ∼ Ω0Λ is fairly unnatural: we are observing our Universe in a very peculiar epoch. Observe that with these
definitions, the Friedmann equation is nothing but a constraint equation between the two fluids, namely Ω0m +Ω
0
Λ = 1.
∗Electronic address: clement.stahl@pucv.cl
ar
X
iv
:1
70
2.
03
18
5v
2 
 [a
str
o-
ph
.C
O]
  1
 Fe
b 2
01
9
2The model considered in this paper relies on the Einstein-Cartan gravitational theory and the universe would be in
the scale invariant ultra-violet fixed point of the theory, which we refer as Quantum Field Cosmology (QFC) model. It
has been shown in [21, 29] that it is possible from this very general theory to propose an expression for the luminosity
distance, and hence compare it to observational data. This paper aims at realizing this possibility and investigating
whether this model, as other interacting dark energy models, offers a viable alternative to the ΛCDM model. Our
article shares the same spirit as [30] or [31, 32]: not only it provides a phenomenological interacting dark energy
framework, but it also presents theoretical motivations arising from quantum field theory. This article is divided as
follows: in section II and III, we present the basic equations of the QFC model and calculate an expression for the
luminosity distance. In section IV, we perform a χ2 fit to the supernovae data. In section IV, we include a second
data set from Baryon Acoustic Oscillations (BAO) and perform a joint data analysis. Motivated by the encouraging
results, we investigate in section VI more systematically the parameter space of our model by asking the following
question: which range of the parameter space of the QFC model offers a better alternative than the ΛCDM model
from the supernovae data. Finally, we give conclusions and perspectives in section VII.
II. QUANTUM FIELD COSMOLOGY
As one of the fundamental theories for interactions in Nature, the classical Einstein theory of gravity, which plays
an essential role in the standard model of modern cosmology (ΛCDM), should be realized in the scaling-invariant
domain of a fixed point of its quantum field theory1. It was proposed [21, 29] that the present (low-redshift z < 1)
cosmology is realized in the scaling-invariant domain of an ultraviolet-stable fixed point (∼ G0) of the quantum field
theory of Einstein gravity2, and is described by
H2 = H20
[
Ω0ma
−3+δG + Ω0
Λ
a−δΛ
]
, (2)
a
dH2
da
+2H2 = H20
[
2Ω0
Λ
a−δΛ−(1+3ωm)Ω0ma−3+δG
]
. (3)
Here, a is the scale factor, H = a˙/a is the Hubble parameter. Here pΛ,m are the pressures of the dark fluids.
In deriving Equations (2) and (3), motivated by observations, it was assumed that the curvature is null k = 0,
implying Ω0Λ + Ω
0
m = 1. In addition, in the framework of QFC model, both the gravitation constant and ΩΛ/Ω
0
Λ
can vary, following the scaling evolutions G/G0 ≈ aδG and ΩΛ/Ω0Λ ≈ a−δΛ , where a = (1 + z)−1 >∼ 1. In other
words, the evolution of the two dark sectors is described by the two critical indexes δG and δΛ. The dark energy and
matter interact and can be converted from one to another. They obey the generalized Bianchi identity (total energy
conservation),
a
d
da
[(G/G0)(ΩΛ + Ωm)] = −3(G/G0)(1 + ωm)Ωm, (4)
where effective variations of the gravitational coupling constant and of the cosmological constant generalize the
standard Bianchi identity. For small redshift, assuming δΛ < δG  1, Equation (4) leads to the relation
δΛ =
(
Ω0m
Ω0Λ
)
δG > 0. (5)
In this article, such a quantum field cosmology (QFC) model with theoretical parameters Ω0m, Ω
0
Λ, δG and δΛ is
compared with the observational cosmology, the case of δG = δΛ = 0 reducing to the ΛCDM model.
III. EFFECTIVE EOS AND INTERACTION OF DARK ENERGY AND MATTER
In the ΛCDM model, the Friedmann equations read:
H2 =
8piG
3
(ρm + ρΛ), (6)
1 It was suggested by Weinberg [33] that the quantum field theory of gravity regularized with an ultraviolet (UV) cutoff might have a
non-trivial UV-stable fixed point and asymptotic safety, namely the renormalization group (RG) flows are attracted into the UV-stable
fixed point with a finite number of physically renormalizable operators for the gravitational field.
2 Instead, the inflationary cosmology could be realized in the scaling-invariant domain of an ultraviolet-unstable fixed point G˜0 6= G0.
3a¨
a
= −4piG
3
(ρm + ρΛ + 3pm + 3pΛ) (7)
Equations (2) and (3) in the QFC model can be obtained by phenomenologically introducing a slight deformation of
the evolution of the dark sector of our Universe, obtained from the Friedmann equations:
ρm = ρ
0
ma
−3+δG , (8)
ρΛ = ρ
0
Λa
−δΛ . (9)
Using definitions (8) and (9) in equations (6) and (7), one recovers equations (2) and (3) of the QFC model, given
the EoS pΛ = −ρΛ and pm = 0. Therefore, the parameters δG and δΛ of equations (8) and (9) correspond to the
parameters of the QFC model discussed in section II. The total conservation of dark energy and matter leads to the
constraint (5) on δG and δΛ.
Although the parameters δG and δΛ are motivated by the QFC model, these parameters can also be explored on
phenomenological grounds. It leads to another interpretation of parameters δG and δΛ.
Using the individual conservation of the energy momentum tensors for the dark matter and dark energy sectors
respectively
ρ˙m,Λ + 3H(1 + ωm,Λ)ρm,Λ = 0, (10)
and the Friedmann equation (6), we find that the parameters δG and δΛ in Eq. (2) can be interpreted as effective
modifications of the EoS with
ωm = −δG
3
(11)
ωΛ = −1 + δΛ
3
. (12)
Besides, assuming the standard EoS (ωm = 0, ωΛ = −1), it is also possible to relate the parameters δG and δΛ to
an interaction between dark matter and dark energy by introducing an interaction term Q
ρ˙m + 3Hρm = +Q, (13)
ρ˙Λ = −Q. (14)
In this case, the interaction term Q can be effectively expressed:
Q = HδGρm = HδΛρΛ, (15)
which leads also to the relation (5). Such interaction terms have been shown to alleviate the coincidence problem [22].
We stress that this last interpretation in term of Q of the deformation the dark sector (8) (9) is valid only for small
redshifts (z  1), as otherwise the different evolutions in redshift for ρm and ρΛ invalidate (15). To obtain the general
interaction term, one needs to consider the general evolution of the effective gravitational constant in equation (36)
of [21] but this investigation is out of the scope of this paper.
In this article, we will treat the parameters δG and δΛ in Eq. (2) as free parameters determined by the observational
cosmology. Observe that in order to have a coherent model of dark energy, the constraint δGδΛ > 0 must be fulfilled.
In this case, the parameters δG and δΛ can be interpreted as the rate of conversion of dark matter into dark energy and
of dark energy into dark matter. A phenomenological investigation shows that increasing δG or decreasing δΛ induces
an acceleration of the expansion of the universe: dark matter is converted into dark energy. Conversely, decreasing δG
or increasing δΛ induces a deceleration of the expansion of the universe: dark energy is converted into dark matter.
The luminosity distance can be obtained
dL(z) =
c
H0
(1 + z)
∫ 1
1+z
1
da
a2
√
Ω0Λa
−δΛ + Ω0maδG−3
, (16)
where the speed of light c is included for clarity. An analytic representation of the integral reads
dL(z) =
2c
H0
1 + z
Ω0m(1− δG)
×
[
2F1
(
1,
4− δΛ − 2δG
2(3− δΛ − δG) ,
7− δΛ − 3δG
2(3− 2δΛ − δG) ;−
Ω0Λ
Ω0m
)
−
√
(1 + z)3−δGΩ0m + (1 + z)δΛΩ0Λ
(1 + z)2−δG 2
F1
(
1,
4− δΛ − 2δG
2(3− δΛ − δG) ,
7− 2δΛ − 3δG
2(3− δΛ − δG) ;−
Ω0Λ
Ω0m
(1 + z)−3+δG+δΛ
)]
,
where 2F1 is the hypergeometric function defined as: 2F1(a, b, c; z) ≡
∑∞
n=0
(a)n(b)n
(c)n
zn
n! , with the Pochhammer symbol
(x)n given by: (x)n ≡ Γ(x+n)Γ(x) . This equation is derived under the assumption of a flat universe, that is to say
Ω0m + Ω
0
Λ = 1. We now turn to the analysis of the observational data in the light of the QFC model.
4IV. FIT TO SUPERNOVAE DATA
In this section and in the next one, the relation given by equation (5) is enforced. It gives a constraint between the
two new parameters of the QFC model. In section VI, this constraint is relaxed in order to study a broader range
of the parameter space. We are now in position to perform a χ2 fit with the Union 2.1 compilation released by the
Supernova Cosmology Project [34]. It is composed of 580 uniformly analyzed SNe Ia. We minimize the reduced χ2
defined as:
χ2SNe(parameters) ≡
1
Ndof
580∑
i=1
[
dL(i)− dL(parameter)
∆dL(i)
]2
(17)
where ∆dL(i) is the observational error bar for each data point indexed by i and Ndof is the number of degree of
freedom given by the number of data points subtracted to the number of free parameters of the model. We fix
H0 = 70.4
km
Mpc.s . A comparison of the result for QFC model and the standard flat FLRW model (δG = δΛ = 0) is
presented in the left panel of table I together with the 95% confidence interval. Figure 1 displays the resulting Hubble
diagram for both models and the residual of the fit for the QFC model.
FIG. 1: Best fitting line for the FLRW model (red, upper curve) and the QFC model (green, lower curve), the quantitative
results are given in table I (upper panel). Residuals errors of the χ2 fit of the QFC model (lower panel).
From table I, we note that the parameters of the Friedmann model are recovered with reasonable precision. However,
there is a strong degeneracy between δG and Ω
0
m for the QFC model (the fit gives a correlation coefficient equal to
95%). To investigate this issue, in section VI we inspect in more details the parameter space of the QFC model
without imposing any constraints.
Only with SNe Ia the value Ωm is poorly constrained (see table I) but with joined data sets, the current best value
is Ωm = 0.308±0.012 [3]. An important point is that for most of interacting dark energy models both the dark matter
and the baryonic matter fluids are assumed to interact with the dark energy, but as the nature of the baryonic matter is
known from ground experiment, the type of interaction allowed between this matter and the hypothetical dark energy
is strongly constrained. Therefore a more conservative approach would be to allow only dark matter (accounting for
ΩDM = 0.268 ± 0.013 [3]) to interact with dark energy and account for this interaction with a new term in the bias
quantity describing the different behavior of the baryonic matter and the dark matter in the cosmic history. The fact
that the best fit from the QFC model is lower (Ωm = 0.29) might be a hint pointing to this requirement of having
non-interacting baryonic matter [35]. In order to improve the constraint of the parameter δg, we now turn to a second
dataset and perform a second data analysis in the next section.
5Ω0m δG χ
2
SNe Ω
0
m δG χ
2
BAO Ω
0
m δG χ
2
SNe+BAO
flat FLRW 0.30± 0.03 - 0.931 0.30± 0.05 - 1.36 0.30± 0.02 - 0.934
QFC model 0.29± 0.07 −0.090± 0.7 0.932 0.34± 0.22 0.23± 0.32 1.55 0.30± 0.06 −0.027± 0.38 0.936
TABLE I: The best fit parameters for the two models under consideration and the associated χ2, together with the 95 %
confidence intervals. Note that the relation (5) is enforced. The left panel is for supernovae alone, the middle panel for BAO
alone and the right panel is for the join fit of supernovae and BAO.
V. INCLUDING DATA FROM BARYON ACOUSTIC OSCILLATIONS
In this section, following similar works such as [36], we include data from Baryon Acoustic Oscillation. We use 8
effective BAO points from [37–40]. We compute the QFT prediction for the following quantity:
DV =
(
(1 + z)2D2A
cz
H(z)
)1/3
, (18)
where DA(z) =
dL
(1+z)2 given in (16) and H(z) in equation (2). We minimize the reduced χ
2
BAO defined as:
χ2BAO(parameters) ≡
1
Ndof
8∑
i=1
[
DV (i)−DV (parameter)
∆DV (i)
]2
. (19)
After minimizing (19), we perform a joint data analysis of BAO+SNe Ia, minimizing (17)+(19). This joint analysis
improves the constraint on both Ωm and δg for the QFC model. Tables I sum up our findings.
While the inclusion of another data set helps to reduce the error-bar on the determination of Ω0m and δg in the
QFC model, we see that they are still a degeneracy between the two parameters of the QFC model and a much more
robust data analysis is required in order to break it. Motivated by the results of this section, we now turn on the
second scaling exponent δΛ of the QFC model.
VI. PARAMETER SPACE STUDY
In this section, we drop the relation (5) in order to explore the parameter space δG-δΛ with supernovae data, for
set values of Ω0Λ and Ω
0
m compatible with constraints from cosmological observations. The purpose of this section is
to identify regions for which the χ2SNe of the QFC model (equation (17)) is smaller than that of the ΛCDM model.
On figure 2, we plotted the difference of χ2SNe between the QFC and Friedmann models for different values of Ωm.
It is found that a large zone of the parameter space allows for the QFC model to have a smaller χ2SNe than the one
of the Friedmann model, constraining thus the QFC model. Figure 2 also shows the different quadrants allowing a
physical QFC models satisfying the constraint δGδΛ > 0. The linear relation (5) is also displayed in blue. We see
that, depending on the value for Ωm, it is not certain to have values for δG and δΛ allowing for a better χ
2
SNe than
the FLRW together with the relation (5).
VII. DISCUSSION AND CONCLUSION
We presented a new model for interacting dark energy arising from the effective field theory of Einstein-Cartan
gravity in section II and explored its observational consequences on supernovae Ia and BAO. We compared and
contrasted it with the standard ΛCDM model assuming equation (5). We then explored the parameter space for this
model to know for which value of the parameters, the model has a better χ2 than its FLRW counterpart. We found
that if one decreases slightly the matter content of the universe, a substantial zone of the parameter space offers a
smaller χ2 than the FLRW model. It could be a possible hint pointing to the need to consider a correction due to
interacting dark energy to the halo bias for structure formation, we hope to come back to those questions. It is not
the first time that decent alternatives to the ΛCDM model based on a time variation of the cosmological constant
and interaction between dark matter and dark energy are explored. The QFC model provides one more example of
such an alternative.
The QFC model of [21] is also constrained by other independent experiments which constrains the effective variation
of the gravitational constant. By Lunar Laser Ranging experiment [41], we find a bound for δG:
|δG| < 0.02. (20)
6FIG. 2: Contour which obtains a better χ2SNe than the Friedmann model as a function of the two new parameters introduced
for different value of Ω0m. For left to right, we displayed Ω
0
m = 0.27, 0.31, 0.33, observe the different scale for the difference
of χ2SNe. The red regions are non-physical with δGδΛ < 0. Equation (5) has been also represented in blue. Observe that for
instance for Ω0m = 0.33, it is possible to find values for δG and δΛ linked by the relation (5) giving a better χ
2
SNe than the one
of the FLRW model.
Furthermore the effective variations of the gravitational constant should not spoil the big-bang nucleosynthesis which
gives therefore an even stringent constraint on the variation of the gravitational constant which translates for our
parameters into:
|δG| < O(10−3), (21)
depending on the model used for nucleosynthesis [42]. In our notation, δg corresponds to ν in [42].
This study is a first step towards better exploring the parameter space and setting constraints on the parameters.
As already done for other interacting dark energy models, it needs to be challenged with different independent data
sets. An important extension of this work would be to follow the research plan carried for instance in [43] where
similar models were confronted to 5 different data sets. We stress that to do so for this model, one needs not only to
consider the dynamics explored in equations (2) and (3) which is only valid for small redshift but a more general one
given by equation (36) of [21].
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